In all, 21 swordfish (Xiphias gladius) were tagged with pop-up archival satellite tags in the Southeast Pacific. Despite problems of premature release, the information obtained provided insight into the horizontal and vertical behaviour of the species in the area. A consistent migratory pattern was observed, fish moving northwest by autumn and presumably returning south by early spring. Swordfish typically forage in deep water during the day and stay in the mixed layer at night, although this behaviour is occasionally modified. The maximum depth recorded was 1136 m, and dives deeper than 900 m were found in five of the six tags analysed. There was a significant positive relationship between average depth by night and visible moon fraction.
Introduction
Swordfish (Xiphias gladius) are highly migratory and are found worldwide, but mainly from 458N to 458S, and are the most widely distributed species of billfish (Palko et al., 1981) . In the Pacific Ocean, they are caught mainly by longline and driftnet by Far East and western nations. Although some assessments carried out in recent years seem to indicate that total and spawning biomass are above levels that would maintain maximum sustainable yield (MSY) in the Pacific Ocean (Hinton et al., 2005; Kolody et al., 2006) , other indicators, such as average size or catch rates in certain areas and fisheries, together with model uncertainties, have raised concerns about fishery sustainability. Most assessment uncertainty is attributable to an absence of information on the biology of the species, such as on stockrecruitment relationships, mortality, age-at-first-maturity, and stock structure.
Some studies have found little genetic differentiation along a U-shaped corridor in the Pacific Ocean (Reeb et al., 2000; Kasapidis et al., 2008) , but others have suggested the possible existence of four separate stocks of swordfish, centred in the Northwest, Northeast, Southwest, and Southeast Pacific (Alvarado Bremer et al., 2006; Hinton and Alvarado Bremer, 2007) . Aside from this, little is known about the spatial extent of the stocks, migration patterns, or mixing rates of swordfish.
Over the past few years, the development of telemetry tagging techniques has provided a useful tool for the study of large pelagic fish. However, despite the economic importance of swordfish, little research has been conducted on its migratory patterns or habitat preferences. Carey and Robinson (1981) and Carey (1990) used acoustic tags to describe the diel vertical migration of swordfish, along with their horizontal movements in coastal waters. The main disadvantage of acoustic tags is that tracks tend to be short in duration and provide little information on migration patterns. Nevertheless, these studies have provided insight into feeding behaviour and swordfish association with topographic features.
Pop-up satellite archival tags (PSATs) were first used on swordfish by Sedberry and Loefer (2001) in the West Atlantic. Interesting results were obtained, but these tags only recorded a small number of temperature measurements, without any estimates of light level or depth, and the deployment times were short. Recently, Neilson et al. (2009) described the migration patterns of swordfish in the Northwest Atlantic by pop-up tags.
In the Pacific, there is little information on migratory patterns. Takahashi et al. (2003) tracked a single swordfish carrying an archival tag for more than 11 months and described a cyclic migration pattern off the east coast of Japan. Dewar and Polovina (2005) reported the preliminary results of a project that intended to deploy a total of 30 PSATs in swordfish off southern California, but at the time of their report, and because of the vertical movements of fish at dawn and dusk, they could not estimate geolocations from the archived light-level data. During the third regular session of the Scientific Committee of the Western and Central Pacific Fisheries Commission, Holdsworth et al. (2007) provided information on the horizontal movements of seven swordfish tagged in New Zealand waters, with deployments of 66 -236 d, and showed consistent movement patterns among all the fish tracked.
Current assessments of swordfish stocks carried out by different regional fisheries organizations incorporate information on stock structure deduced from pop-up tags. The aims of the current study are to contribute to the knowledge of swordfish movements and habitat preferences in the Pacific Ocean.
Material and methods
In all, 21 swordfish were tagged around Nazca Ridge (off northern Chile) during the period March-June 2007 using MK10 PSATs from Wildlife Computers. The tags were programmed to summarize depth and temperature data at intervals of 1 -12 h, with deployment duration varying from 1 to 14 months. The tags include a failsafe mechanism to release from the fish for premature detachment, detected when the tag remained at a constant depth +8 m for more than 72 h. Depth bins were 0, 10, 25, 50, 75, 100, 150, 200, 250, 300, 350, 400, 600 , and .600 m, and temperature bins were 5, 10, 12, 14, 16, 17, 18, 19, 20, 22, 24, 26, 28, and .288C .
Swordfish were captured by two commercial longliners participating in a scientific project. Tags were attached by a monofilament leader to the dart, which was inserted into the dorsal musculature close to the first dorsal fin with the aid of a tagging pole once the fish was brought alongside the vessel. A swivel and a mechanical release device (RD1800, Wildlife Computers), which cuts the tether when depth exceeds 1800 m, were used. Two types of dart were assayed: stainless steel and medical-grade nylon (E. Prince and M. Musyl, pers. comm.) . Only fish in prime condition and measuring .140 cm lower jaw fork length (LJF L ), ca. 35 kg round weight, were tagged (mean 166+13 cm, range 140 -220 cm). Satellite-transmitted information on depth, temperature, and light level was processed using Wildlife Computers software.
Linear least-squares regression analyses were performed to test possible correlations between average depth at night and the phase of the moon. Data from visible moon fraction were obtained from the United States Naval Meteorology and Oceanography Command (www.usno.navy.mil) and arcsine-transformed before statistical analysis (Zar, 1996) . Qualitative relationships between vertical habitat utilization and dissolved oxygen concentration, extracted from the World Ocean Atlas (García et al., 2006) , were also explored.
For track estimation, carried out by Collecte Localisation Satellite (CLS), an ensemble Kalman filter constrained by lightlevel position, sea surface temperature (SST, daily fields obtained at 9-km resolution by blending microwave and infrared SST from REMSS), and bottom topography (ETOPO2) was applied (Royer et al., 2005) . Only deployment data lasting more than 1 month were analysed.
Results

Deployment duration and data retrieval
Premature detachment of the tags was identified as a major problem in pop-up tagging of swordfish in the present study. Only one tag reported at its due date (60 d after deployment). Retention times were 13.83+17.32 and 56.96+61.79 d for stainless steel and nylon darts, respectively. Deployment duration ranged from 0 d (probably because of incorrect attachment of the dart) to 159 d.
Data transmission was good in the area, with 1467+188 messages received per tag and an average rate of data corruption of 26.95%. No information was received from two of the tags deployed. Table 1 summarizes the data on deployment and reporting dates and positions.
Depth and temperature
Swordfish exhibited a typical diel vertical migration pattern, remaining close to the surface at night, and retreating deeper by day. Figure 1 illustrates the data on time spent at the predefined depth and temperature bins for the six tags analysed by day and night. Owing to the time-binning, these data include dawn and dusk events. By night, fish remained in the mixed layer around 100 m deep in the area where the fish were tagged, according to the depth-temperature profiles. Figure 2 shows the results of linear regression analyses between the average nocturnal depth and the visible moon fraction. For tag 73580, time-binning did not allow pure night-time data to be obtained. A significant Figure 3 shows the percentage of daylight hours in 50-m depth bins for fish 73552 plotted against dissolved oxygen concentration (ml l 21 ) over the course of its track. During the first few days after tagging, the fish stayed fairly shallow by day. Thereafter, however, a typical U-shaped movement pattern was recorded, with the fish staying close to the surface at night and in deeper water by day. These changes in depth coincided generally with dawn and dusk. During their vertical daily migration, swordfish are subjected to extreme changes in water temperature (maximum 21.48C). By the end of April, however, this pattern is modified, the fish staying shallower by day, including surface basking. The change coincides with a decrease in the monthly average oxygen concentration in the water column. Environmental temperature ranged from 4 to 26.88C and SST from 18.6 to 26.88C. Figure 4 shows the Kalman-filtered tracks of the six swordfish whose tags remained attached for more than 30 d. Initially, most tracked fish moved northwest after being tagged, regardless of the tagging date (end of March to end of June). Fish 73565 and 73580 initially travelled west for half a month and 1 month, respectively. This movement coincided with water cooling in the area where the fish were tagged. All swordfish remained in water with SST .188C.
Horizontal movements
The movement pattern was directed, i.e. the fish did not seem to stay in the same area for a long time, and the tracks estimated were fairly straight. The fish moved back south by late September/early October, when the SST of the water started to increase, but only two tags were still attached by then. Estimated daily displacements showed variability within and among individuals, without any obvious trend. Figure 5 shows the combined paths taken by the six fish analysed here. There was no association of fish with high-relief bottom structures.
Discussion
Premature detachment was the main problem with swordfish pop-up tagging in this study. In eight cases, premature detachment seemed to be attributable to fish death, detected as a descent at a constant speed down to 1800 m, when the RD1800 device would sever the tether. This is probably accounted for by the long set duration, which could last more than 8 h, and is the main disadvantage of opportunistic tagging aboard commercial vessels. Recent research (Neilson et al., 2009) has proved the feasibility of pop-up tagging of swordfish without high mortality. Although the observers were trained to select and tag only those fish showing no signs of harm, not bleeding, and active, states confirmed by the analysis of video recordings, these criteria do not necessarily reflect fish condition. However, adverse effects resulting from tagging cannot be ruled out definitively.
Premature detachment is a common problem of pop-up tags (e.g. Holdsworth et al., 2007; Loefer et al., 2007) , regardless of the species studied, and it can be attributed to various causes aside from fish death. Continuous rubbing of the tether monofilament against the dart, swivel, crimps, or guillotine may cause it to break. Premature corrosion or breakage of the tag's metal pin also cannot be ruled out. In the Mediterranean Sea, several pop-up-tagged bluefin tuna (Thunnus thynnus) whose tags detached prematurely have been recaptured carrying the whole tether intact (FJA, pers. obs.; G. De Metrio, pers. comm.). However, a recent study on swordfish pop-up tagging (Neilson et al., 2009) reported for any fish species. In general, satellite transmission was good in the study area, with ca. 1500 messages received per tag and a low corruption rate. Two tags did not transmit information. Hays et al. (2007) identified the failure of the saltwater switch as the main cause of signal cessation, especially in long-term deployments. However, battery failure, seawater inundation, or hardware damage cannot be rejected as causes of premature cessation of the signal. In some cases, unusual vertical behaviour consisting of stays at the surface for many hours, followed by deep dives, was observed before premature tag release. The cause is unknown, but it could be related to fish predation or scavenging, as has been described for white marlin (Tetrapturus albidus) and opah (Lampris guttatus; Kerstetter et al., 2004) .
Swordfish undertake diel vertical migration, as do other large pelagic species such as bluefin tuna (Teo et al., 2007) Schaefer et al., 2007) . In swordfish, such behaviour was described by Carey and Robinson (1981) using acoustic telemetry. The behaviour seems to mimic the movement of mesopelagic organisms in the deep scattering layer, where swordfish feed (Carey, 1990) . At night, swordfish always stayed in the mixed layer, where they can feed and, at the same time, recover from thermal or oxygen debt acquired by day. The variation in average depth at night with the moon phase was suggested by Carey and Robinson (1981) , although those authors only worked with discrete data from different fish. Recently, Loefer et al. (2007) presented evidence of this relationship using pop-up tags in the Northwest Atlantic. From our data (e.g. Figure 2 ), it seems that the maximum depth by night was usually reached close to the full moon. This average depth, in the data we analysed, was always above the thermocline. Although more data are required to formulate definitive conclusions, the depth of the thermocline appears to limit the vertical distribution of swordfish by night.
By day, swordfish typically descend to deep layers just before dawn, and bottom out, usually .500 m, shortly after sunrise. They remain there until dusk, when they return to the mixed layer. Although time-binning of the pop-up tags used in the present study does not allow accurate estimation of the time at which these movements take place, it seems from the analysis of the time at each depth bin that they occur within 2 h, around sunrise and sunset. The maximum depth recorded in this study was .1100 m, but dives below 900 m were observed in five of the six tags analysed.
During these vertical movements, swordfish are subject to wide temperature variability (up to 21.48C in this study), sometimes in ,1 h, indicating a remarkable adaptive capacity to utilize habitats with low oxygen and temperature. Swordfish have an ability to occupy such deep water as a consequence of several different physiological adaptations, namely the presence of (i) a thermogenic organ in the head, the brain heater (Carey, 1990) ; (ii) large eyes, which allow them to pursue their prey in dim light; and (iii) the large mass of white muscle, which might make swordfish more resistant to anoxia than other large pelagic species and allow them to accumulate oxygen debt while foraging at great depth (Carey and Robinson, 1981) .
Some modifications of this U-shaped pattern were observed. During the first few days after tagging, four of the six swordfish stayed fairly shallow, possibly related to the stress caused by being caught and tagged. A possible explanation for this change in behaviour is that, although well adapted to deep environments, swordfish probably have a fast rate of recovery in water with high oxygen concentration and warm temperature, which are usually found shallower. However, more information on the physiology of the species is needed to make this a definitive conclusion.
After the "recovery" period and during most days, the tagged swordfish demonstrated the typical U-shaped diving behaviour. Occasionally, a second time-frequency maximum was found around 150-250 m, perhaps related to the presence there of prey, or the need to increase body temperature. Some time after tagging, as fish moved northwest, the U-shaped pattern tended to be modified. On some days, fish combined deep dives over time at the surface by day (basking behaviour), whereas on other days, they seemed to forage shallower by day. There was no relationship between SST or water-column stratification and fish behaviour. This was observed at both high (.268C) and low (,208C) SST. Carey and Robinson (1981) suggested that basking behaviour, as well as the shallow depth maxima, of swordfish off Baja California could be related to the presence of an oxygen-minimum layer. In the eastern Pacific, there is a welldeveloped oxygen-minimum zone, typical of oceanic regions with high primary productivity. Moreover, there is a clear variation in the intensity, vertical position, and thickness of the oxygen-minimum zone related to latitude there (Helly and Levin, 2004; Stramma et al., 2008) . Shallow behaviour by day was observed for fish 73552 (Figure 3 Horizontal and vertical movements of swordfish in the Southeast Pacific was maintained during most of the time they were tracked. However, fish 73571, which also seemed to enter areas of very low oxygen concentration, maintained its typical U-shaped pattern during most of its tracking period. It must be noted, however, that there are uncertainties associated with the estimates of dissolved oxygen concentration used in the present study: errors in geolocation estimates, values from the World Ocean Atlas consisting of climatological monthly means at discrete depths, and time-at-depth-binning limited.
In the area where Carey and Robinson (1981) carried out their study, the oxygen minimum extended deeper (ca. 800 m), which could explain why all the swordfish they tagged spent most of their time shallower than 100 m. Other research (Prince and Goodyear, 2006) has shown how cold hypoxic water restricts the depth distribution of billfish in the eastern tropical Pacific. However, the possibility that changes in vertical behaviour respond to the distribution of the prey cannot be ruled out.
Despite the ability of swordfish to tolerate a wide range of temperature, their distribution seems to be highly affected by SST. In the current study, the minimum SST recorded was 18.68C. Estimated fish LJF L ranged from 150 to 180 cm in the present study, corresponding to weights of ca. 40-80 kg, according to Uchiyama et al. (1999) . Palko et al. (1981) reported that fish ,90 kg are seldom seen in water ,188C in the Northwest Atlantic.
As water temperature decreased, the fish moved northwest. By the onset of spring, from September to early October, the two fish still with tags travelled back south. This movement could also be related to food availability because upwelling off Peru is yearround, but off Chile only during the austral spring and summer. De Sylva (1962 , cited in Hinton et al., 2005 reported an apparent northward migration of swordfish off northern Chile in April and May. Similarly, Takahashi et al. (2003) hypothesized a cyclic migration of swordfish in the Northwest Pacific between food-rich, cold-current areas during summer and the subtropical wintering area. Neilson et al. (2009) recently described, using PSAT tags, a consistent migration pattern in the Northwest Atlantic. Fish tagged off Canada travelled to tropical waters by autumn and moved back to the same foraging grounds in temperate waters by early spring.
Previous studies have reported an association between swordfish distribution and thermal fronts (Podestá et al., 1993; Sedberry and Loefer, 2001 ). In our case, no such relationship was observed, but this could be due partially to geolocation errors, mainly latitude . For swordfish, their vertical behaviour makes it difficult to obtain good estimates of position. Light-level geolocation is based on determining dawn and dusk accurately. As mentioned above, the greatest variations in depth take place precisely at dawn and dusk, making it difficult to obtain good light curves from which to determine position. Swordfish apparently associate with bottom topographic structures (Carey and Robinson, 1981; Carey, 1990; Podestá et al., 1993; Sedberry and Loefer, 2001 ), but in our study, there were few remarkable high-relief structures between the area where the fish were tagged (Nazca Ridge) and the pop-off position, regardless of geolocation error.
Although production models indicate that catch per unit effort (cpue) of swordfish in the Southeast Pacific is greater than that corresponding to average MSY (Hinton et al., 2005) , there is some concern about the sustainability of the current levels of exploitation because of uncertainties associated with these evaluations. Fishery-based cpue data, one of the main inputs to stock assessments, do not necessarily reflect real abundance, especially of very mobile species (Brill and Lutcavage, 2001 ). Fish availability to a certain gear type may vary depending on SST, water column structure, and time of day. Ideally, information on the migration patterns and habitat preferences of swordfish should be taken into account in future stock assessments, in order to consider changes in the vulnerability of fish to different gear types, mixing between putative stocks, and other factors. Moreover, the extent of migratory movement can serve to estimate the probability of local depletion in certain areas. As an example, Bigelow et al. (2002) found significant differences between the nominal and standardized cpue series of bigeye tuna in the western and central Pacific when incorporating habitat preferences into their model. Similarly, the incorporation of habitat information could serve, in some cases, to explain the discrepancies observed in cpue trends of swordfish between night-set surface longlines targeting swordfish and day-set deep longline fisheries mostly targeting tuna (Anon., 2007) .
A consensus has not been reached on the population structure of swordfish in the Pacific (Reeb et al., 2000; Alvarado Bremer et al., 2006; Hinton and Alvarado Bremer, 2007; Kasapidis et al., 2008) . The present study is, as far as we can ascertain, the first attempt to describe migratory patterns and habitat preferences of swordfish in the Southeast Pacific through pop-up satellite tagging. Our results support the current assumption of an independent stock in the Southeast Pacific. However, the northernmost latitude reached by the fish we tagged was 2827 0 S (pop-off position of fish 73552), while it was still heading north, whereas the northern boundary of the southern stock is currently taken to be 58S. Moreover, no spawning area has, so far, been described for this putative stock. The present study covers just a small spatiotemporal region, and experience from conventional tagging studies (Neilson et al., 2007) reveals that migration patterns are influenced by the area/time coverage of the tagging. The migration patterns deduced would, therefore, change if the area/time coverage of tagging was broader. In recent years, electronic tag data have provided evidence of greater spatial distributions than previously assumed for several tuna and billfish species (e.g. Atlantic bluefin tuna, Pacific bigeye tuna). Incorporation of this information into fisheries management, as it becomes available, will improve the effectiveness of management measures and hopefully reduce the uncertainties in stock assessments.
Although more research is needed, with more fish being tagged and other seasons and areas covered, PSAT tagging, along with other information, such as fishery data, genetics, or biochemical markers, will certainly provide insight into the population structure of Pacific swordfish, which is crucial to the effective assessment of stocks.
